Introduction
============

Lung cancer is the leading cause of cancer-related death worldwide, accounting for more than 1.5 million deaths annually ([@b1-or-44-03-1049]). Adenocarcinoma, which surpasses squamous cell carcinoma as the most frequent type of lung cancer, is prone to malignant metastasis even at the early stages ([@b2-or-44-03-1049]). Despite improvements in treatment for lung cancer, distant metastasis and cancer recurrence are still the main causes of death in patients with lung adenocarcinoma ([@b3-or-44-03-1049]). Therefore, it is essential to develop novel treatment strategies for preventing the metastasis of lung adenocarcinoma.

Tumor metastasis is a multi-step process that involves local invasion, intravasation, extravasation and colonization, during which the formation of secondary tumors result from the spreading of primary tumor cells to a distant site ([@b4-or-44-03-1049],[@b5-or-44-03-1049]). The first critical step in tumor metastasis is invasion, which often requires the loss of intercellular connections and acquisition of cell motility in tumor epithelial cells ([@b6-or-44-03-1049]). Epithelial-mesenchymal transition (EMT), as characterized by a loss of cell-cell adhesion, polarity and epithelial markers, is well recognized to play a crucial role in tumor invasion ([@b5-or-44-03-1049]). EMT occurs during embryonic development and tissue organization under normal physiological conditions; however, its dysregulation can interrupt epithelial homeostasis and lead to various pathological conditions, including tumor metastasis ([@b7-or-44-03-1049]).

A number of clinical and experimental studies have demonstrated that an inflammatory microenvironment may contribute to tumor development and metastasis ([@b8-or-44-03-1049]). Inflammatory cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), interferon-γ and IL-1β, are important components in an inflammatory microenvironment ([@b9-or-44-03-1049],[@b10-or-44-03-1049]). Among them, IL-6 is a key inflammatory factor involved in the regulation of tumorigenesis, progression and metastasis ([@b11-or-44-03-1049]--[@b13-or-44-03-1049]). IL-6 can activate Janus kinase (JAK)/signal transducer and activator of transcription 3 (STAT3) signaling pathway by binding to the IL-6 receptor (IL-6R) complex, which consists of IL-6R and gp130 ([@b14-or-44-03-1049]). Phosphorylated STAT3 (p-STAT3; Y705) monomers can form dimers and subsequently translocate into the nucleus, in order to regulate the transcription of their target genes and eventually change the fundamental cellular processes ([@b15-or-44-03-1049],[@b16-or-44-03-1049]). It has been confirmed that the STAT3 signaling pathway can facilitate the EMT process by regulating the expression levels EMT-associated genes, including E-cadherin, Snail and Twist ([@b6-or-44-03-1049],[@b17-or-44-03-1049]).

The naphthoquinone shikonin is the main active ingredient of *Zicao*, a traditional Chinese herbal medicine made from the root of *Lithospermum erythrorhizon* ([@b18-or-44-03-1049]). Shikonin has a wide spectrum of pharmacological effects as well as favorable pharmacokinetic properties *in vivo* ([@b19-or-44-03-1049]). A number of studies have demonstrated that shikonin possesses strong antitumor activity though the inhibition of tumor growth, metastasis and angiogenesis in various cancer types ([@b19-or-44-03-1049],[@b20-or-44-03-1049]). Shikonin can also modulate cancer cell metabolism by inhibiting tumor-specific pyruvate kinase-M2 ([@b21-or-44-03-1049]). In addition, shikonin can promote cell cycle arrest, induce necrosis and exacerbate necroptosis in certain types of tumors ([@b22-or-44-03-1049],[@b23-or-44-03-1049]). Furthermore, shikonin exerts different pharmacological effects in an inflammatory microenvironment ([@b19-or-44-03-1049]). Considering the close association between the inflammatory microenvironment and tumor metastasis, one of its effects may be related to tumor inhibition ([@b24-or-44-03-1049]). However, the potential antitumor effects of shikonin in the inflammatory microenvironment and its underlying molecular mechanisms remain largely unknown. The present study investigated the effects of shikonin on tumor metastasis and its underlying molecular mechanisms in an inflammatory microenvironment. The findings of this study could provide new insights into the mechanisms underlying the therapeutic effects of shikonin in treating inflammation-related tumor metastasis.

Materials and methods
=====================

### Reagents

Shikonin was obtained from MedchemExpress. Lipopolysaccharide (LPS) and diamidino-phenyl-indole (DAPI) were supplied by Sigma-Aldrich (a brand of Merck KGaA). Recombinant human IL-6 and TNF-α were obtained from PeproTech. Human IL-6 neutralizing antibody (MAB206) and human TNF-α neutralizing antibody (MAB610) were obtained from R&D Systems. Bovine serum albumin (BSA) was purchased from Roche. All other reagents used in this study were of analytical grade.

### Cell culture

Two human lung adenocarcinoma cell lines (A549 and H1299) and a human acute monocytic leukemia cell line (THP-1) were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured with F-12 medium (A549 cells; Gibco; Thermo Fisher Scientific, Inc.) and RPMI-1640 medium (H1299 and THP-1 cells; Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (FBS) and maintained in a humidified atmosphere of 95% air and 5% CO~2~ at 37°C.

### THP-1 cell conditioned medium

THP-1 cell conditioned medium (THP-1-CM) was prepared as previously described ([@b6-or-44-03-1049]). Briefly, after adding 10 µg/ml LPS into THP-1 cells (1×10^6^ cells/ml) for 24 h, the supernatant was collected by centrifuging at 1,520 × g for 15 min. Then, A549 and H1299 cells were treated with THP-1-CM and different concentrations (0.25, 0.75 or 1.25 µM) of shikonin for 24 h.

### Cell viability assay

Cell viability was determined using a Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology). Briefly, the cells (A549 and H1299) were seeded into 96-well plates at 5×10^3^ cells/well and incubated under normal culture conditions for 24 h, and then the cells were treated with the indicated concentrations of shikonin and/or THP-1-CM for another 24 h. After treatment, 10 µl of CCK-8 solution was added into each well of the 96-well plate (total medium 100 µl/well) and incubated for 1 h at 37°C. Optical density values were detected using a microplate reader (Model 550, Bio-Rad Laboratories) at 450 nm. The experiment was independently repeated three times with five replicates.

### Wound healing assay

The migration ability of THP-1-CM-treated lung adenocarcinoma cells (A549 and H1299) was evaluated using a wound healing assay. Briefly, the cells were seeded in a 6-well plate at 5×10^5^ cells/well and allowed to grow up to 80% confluence. Subsequently, the cell monolayer was scratched with a pipette tip to create a narrow wound-like gap. Shortly after wounding, the cells were washed with phosphate-buffered saline (PBS) and further treated with various concentrations of shikonin and/or THP-1-CM for 24 h. The plates were photographed at 0 and 24 h with an inverted light microscope (IX53 Olympus; magnification ×40). The relative migrated distance was then analyzed. The experiment was independently repeated three times with three replicates.

### Transwell chamber migration and invasion assays

Chamber migration and invasion assays were performed using a Transwell assay system (Corning Costar) as reported previously ([@b25-or-44-03-1049],[@b26-or-44-03-1049]). After treatment under the indicated experimental conditions, the cells (A549 and H1299, 1×10^5^ cells/chamber) suspended in 100 µl serum-free medium were added to the upper chamber, while the lower chamber was filled with complete medium containing 10% serum. The cells were allowed to migrate at 37°C for 24 h. After removing non-migrated cells, the membranes were fixed with 4% formaldehyde for 20 min. At the end of fixation, the chambers were rinsed with PBS, and the cells in the lower chamber were stained with 0.5% crystal violet (Beyotime Institute of Biotechnology) for 10 min. Migrated cells were quantified in five random fields per membrane, and each group was assayed in triplicate. The invasion assay was performed as per the migration assay, except that the filter membrane was coated with Matrigel (BD Bioscience). The experiment was repeated three times independently.

### Western blotting

The cells (A549 and H1299) were seeded in 6-well plates at 5×10^5^ cells/well and allowed to grow up to \~70% confluence under normal culture conditions, then the cells were treated with indicated administration conditions for 24 h. After treatment, the total protein was isolated from cells by RIPA buffer, and the concentrations of proteins were determined using a bicinchoninic acid protein assay kit according to the manufacturer\'s protocol (Beyotime Institute of Biotechnology). Equal amounts of protein (30 µg protein per lane) from each sample were separated by 10% SDS-PAGE and transferred to nitrocellulose filter membrane at 100 mV for 75 min. After being blocked with 5% non-fat skim milk \[diluted with Tris-buffered saline containing 0.1% Tween 20 (TBST)\] for 1 h at room temperature, the membrane was incubated overnight with primary antibody (diluted with 2% bovine serum albumin in TBST) at 4°C. The following primary antibodies were used: anti-E-cadherin antibody (dilution 1:1,000; cat. no. ab40772; Abcam), anti-N-cadherin antibody (dilution 1:1,000; cat. no. ab18203; Abcam), anti-p-STAT3 antibody (dilution 1:2,000; cat. no. ab76315; Abcam), anti-STAT3 antibody (dilution 1:2,500; cat. no. ab119352; Abcam), anti-vimentin antibody (dilution 1:300; bs-8533R; Biosynthesis Biotechnology), anti-Flag antibody (dilution 1:1,000; 20543-1-AP; Proteintech), anti-Snail antibody (dilution 1:500; 13099-1-AP; Proteintech), anti-p-JAK2 antibody (dilution 1:1,000; 3771; Cell Signaling Technology), anti-JAK2 antibody (dilution 1:1,000; 3230; Cell Signaling Technology), and β-actin (dilution 1:1,000; sc-47778; Santa Cruz Biotechnology, Inc.). On the second day, blots were washed and incubated with anti-rabbit (dilution 1:5,000; SA00001-2; Proteintech) or anti-mouse (dilution 1:5,000; SA00001-1; Proteintech) horseradish-peroxidase-conjugated secondary antibody for 1 h. The protein bands were visualized with an enhanced chemiluminescence western blot detection kit (Pierce Biotechnology; Thermo Fisher Scientific, Inc.), and the protein expression levels were semi-quantified by densitometry using ImageJ v1.46r (National Institutes of Health) ([@b27-or-44-03-1049],[@b28-or-44-03-1049]). The experiment was repeated three times independently.

### Quantitative real-time PCR

RNA isolation and RT-qPCR assay were performed as previously described ([@b29-or-44-03-1049]). The cells (A549 and H1299) were seeded in 6-well plates at the number of 5×10^5^ cells/well and allowed to grow up to about 70% confluence under normal culture conditions, then the cells were treated with indicated administration conditions for 24 h. After treatment, TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to isolate total RNA from the cell lines. RNA was reverse-transcribed into cDNA by AMV reverse transcriptase (Promega). Quantitative real-time PCR was carried out with SYBR Premix Ex Taq (Takara Bio Inc.). All reactions were performed in triplicate using an ABI Prism 7500 real-time PCR instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The relative expression levels of target genes were determined after normalization to β-actin level via the 2^−ΔΔCq^ method ([@b30-or-44-03-1049]). The experiment was independently repeated three times with three replicates. The primers used in the reactions were as follows: E-cadherin (forward, 5′-CCACCAAAGTCACGCTGAAT-3′ and reverse, 5′-GGAGTTGGGAAATGTGAGC-3′), N-cadherin (forward, 5′-AGCCTGGAACATATGTGATGA-3′ and reverse, 5′-CCATAAAACGTCATGGCAGTAA-3′), vimentin (forward, 5′-GGTGGACCAGCTAACCAACG-3′ and reverse, 5′-GTCAAGACGTGCCAGAGACG-3′), Snail (forward, 5′-GCCTTCAACTGCAAATACTGC-3′; reverse, 5′-CTTCTTGACATCTGAGTGGGTC-3′), β-actin (forward, 5′-TGGATCAGCAAGCAGGAGTA-3′ and reverse, 5′-TCGGCCACATTGTGAACTTT-3′).

### Immunofluorescence

The immunofluorescence assay was performed as previously described ([@b31-or-44-03-1049]). Briefly, the cells (A549 and H1299) were seeded on glass coverslips in the special dishes and allowed to grow up to about 30% confluence under normal culture conditions, then the cells were treated with indicated administration conditions for 24 h. After treatment, the cells werefixed with 4% paraformaldehyde for 20 min, permeabilized with 0.5% Triton X-100, and blocked with 3% BSA for 1 h. The cells were then incubated with rabbit-anti-human antibodies for E-cadherin (1:200 dilution; cat. no. 20874-1-AP; Proteintech), N-cadherin (1:200 dilution; cat. no. 13116; Cell Signaling Technology), vimentin (1:200 dilution; cat. no. 10366-1-AP; Proteintech), and p-STAT3 (1:100 dilution; cat. no. 9145S; Cell Signaling Technology) at 4°C overnight. After washing, the cells were incubated with FITC-conjugated goat-anti-rabbit secondary antibodies (1:200 dilution; cat. no. 31583; Invitrogen; Thermo Fisher Scientific, Inc.) for 1 h, and the nuclei were counterstained with DAPI. Finally, the stained cells were observed using a confocal fluorescence microscope (FV1000-D, Olympus; magnification ×800). The mean fluorescence intensities of E-cadherin, N-cadherin and vimentin were quantified in five random fields per sample using ImageJ v1.46r (National Institutes of Health, Bethesda) according to the specified instructions. The number of cells with p-STAT3 nuclear translocation and the corresponding total number of cells were counted in at least five random fields per sample by two independent observers in a blinded (code-marked) approach, and the percentage of cells with nuclear p-STAT3 translocation was also calculated. Each experiment was performed in triplicate.

### Enzyme-linked immunosorbent assay

Both IL-6 and TNF-α levels in the supernatant of THP-1 cells were measured using a Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems) according to the manufacturer\'s instructions. The experiment was carried out in triplicate and repeated three times independently.

### Transient transfection

PcDNA3.1-Flag-STAT3 (Bioworld Technology, Inc.) was transfected into cells (A549 and H1299) using Lipofectamine 2000™ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. After 24 h of the transfection, the cells were treated with shikonin (1.25 µM) and IL-6 (50 ng/ml) for another 24 h, then the subsequent experiments were conducted.

### Luciferase assay

Lung adenocarcinoma cells (A549 and H1299) were seeded in 48-well plates at the number of 3×10^4^ cells/well and cultured under normal conditions for 24 h, then transfected with 0.2 µg pSTAT3-TA-luc (Beyotime Institute of Biotechnology) and 0.01 µg pRL-TK Renilla (Beyotime Institute of Biotechnology) using Lipofectamine 2000. Twenty-four hours after transfection, the cells were treated with shikonin and IL-6 (50 ng/ml) for 24 h. After treatment, the cells were lysed using passive lysis buffer, and the luciferase activity was detected using a Dual Luciferase Reporter kit (Beyotime Institute of Biotechnology). The experiment was carried out in triplicate and repeated three times independently.

### Tumor metastasis assay in vivo

All animal studies were approved by the Animal Ethics Committee of The Fourth Military Medical University (Xi\'an, Shaanxi) (nos. 20150803 and 20170201). Nude mice (28--32 days old, weighing 18--24 g, n=39) were obtained from Shanghai Laboratory Animal Co. and maintained in air-conditioned rooms under controlled lighting (12 h light/12 h dark). Standard laboratory water and food were available *ad libitum*. The animal experimental procedures were performed in strict accordance with the guidelines approved by the Institutional Review Board of Xi Jing Hospital of The Fourth Military Medical University, and conformed to the principles for the ethical use of animals.

The tumor metastasis model was established based on the experiences of our own and other studies ([@b1-or-44-03-1049],[@b6-or-44-03-1049]). Briefly, A549 cells were trypsinized and resuspended in PBS to achieve an appropriate concentration (1×10^6^ cells/ml), and 0.2 ml of the cell suspension was injected into the tail veins of athymic BALB/c nude mice ([@b5-or-44-03-1049]). The mice were weighed and randomly divided into the following three groups (n=5 per group): Control group, 2.5 mg/kg shikonin group, and 5 mg/kg shikonin group ([@b32-or-44-03-1049]). After 24 h of inoculation, shikonin was injected into the mice every other day for 24 days via intraperitoneal injection. Twenty-four hours after the last administration, the mice were euthanized with sodium pentobarbital (50 mg/kg b.w., i.p.; Sigma-Aldrich; Merck KGaA), followed by cervical dislocation. No mouse progressed to cachexia or death during the experimental period. Their lungs were rapidly excised, washed, and fixed in 4% polyoxymethylene solution. To confirm the presence of metastatic nodules as well as determine the location and extent of micrometastatic foci, the number of metastatic nodules on the entire lung surface was counted under a dissecting microscope (magnification ×20) and the histological sections of lung tissue were stained routinely with hematoxylin and eosin (H&E).

### Antitumor effect in nude mice

A549 cells (1×10^7^) were injected subcutaneously into the flank area of male nude mice ([@b5-or-44-03-1049]). When the tumors reached an average of 75 mm^3^ in size, all mice were randomly divided into three groups (n=8 per group). The control group was administered vehicle and the treatment groups were administered different doses of shikonin (2.5 or 5 mg/kg) injected intraperitoneally every other day. After 24 days, the mice were euthanized with sodium pentobarbital (50 mg/kg b.w., i.p.; Sigma-Aldrich; Merck KGaA), followed by cervical dislocation, and their tumor xenografts were rapidly excised, weighed, and fixed in 4% paraformaldehyde for immunohistochemical analysis. The tumor volumes were measured with an electronic caliper by using the formula: Tumor volume (mm^3^) = length × width^2^/2.

### Immunohistochemistry

Immunohistochemical staining was performed according to a previous description ([@b5-or-44-03-1049]). Paraformaldehyde-fixed tumor sections (4-µm in thickness) were incubated with rabbit-anti-human monoclonal antibodies p-STAT3 (1:100 dilution; product code ab76315; Abcam), E-cadherin (1:500 dilution; product code ab227639, Abcam), N-cadherin (1:150 dilution; cat. no. 13116; Cell Signaling Technology, Inc.) and vimentin (1:200 dilution; product code ab92547; Abcam), followed by incubation with horseradish peroxidase-conjugated goat-anti-rabbit secondary antibody (1:500 dilution; cat. no. WLA023; Wanleibio Co., Ltd.). The sections were then incubated with developing solution and counterstained with hematoxylin. The color was fixed with acid alcohol and dehydration steps. Finally, the sections were observed with a light microscope (magnification ×100), and the representative images were photographed. The experiment was performed in triplicate.

### Tissue microarray

A human lung adenocarcinoma tissue microarray (TMA) containing 128 cases of lung adenocarcinoma specimens was constructed by Xi\'an Alenabio Biotechnology. The dot array was 1.5 mm in diameter, and each dot represented a tissue spot from one individual specimen that was specifically selected and pathologically confirmed. To compare the levels of IL-6 and CD68 in lung adenocarcinoma tissues and those in normal lung tissues and analyze the correlation between them, TMAs that composed 1.5-mm diameter dots of 30 human lung adenocarcinoma tissues and 30 matched normal lung tissues were purchased from Outdo Biotech Co., Ltd. The study protocol was approved by the Institutional Review Board of Xi Jing Hospital of The Fourth Military Medical University. All experiments involving human subjects were performed after obtaining informed consent, and in accordance with the relevant guidelines and regulations.

### Immunohistochemistry and TMA score

Immunohisto-chemistry of TMA was performed as described previously ([@b33-or-44-03-1049]). The anti-IL-6 antibody (1:100 dilution; bs-0781R; Bioss Biological Technology) and anti-CD68 antibody (1:100 dilution; bs-0649R; Bioss Biological Technology) were used for primary antibody incubation at 4°C overnight, while omission of the primary antibody served as a negative control.

The immunohistochemical images of TMAs were scored by applying a semi-quantitative immunoreactivity score (IRS) as reported previously ([@b1-or-44-03-1049]). Briefly, category A documented the intensity of immunostaining as 0 (negative staining), 1 (weak staining) and 2 (strong staining). Category B documented the percentage of immunoreactive cells as 1 (0-25%), 2 (26-50%), 3 (51-75%) and 4 (76-100%). The IRS (range=0-8) was calculated by multiplying scores from categories A and B. Samples with IRS scores of 0--3 were classified as low expression, while scores of 4--8 were classified as high expression. The results were evaluated by two independent pathologists who were blinded to the clinical data.

### Statistical analysis

Statistical analyses were performed with SPSS version 16.0 software (SPSS Inc.). Data shown were obtained from at least three independent experiments. Differences between groups were compared using the Student\'s t-test or one-way analysis of variance (ANOVA) followed by Bonferroni\'s test. For TMA, the association between IL-6 levels and clinicopathological parameters was evaluated using the Chi-square test. The correlation between IL-6 and CD68 expression was assessed using the nonparametric Spearman test. All data are expressed as mean ± standard deviation (SD). A significant difference was defined as \*P\<0.05 or \*\*P\<0.01 as indicated in the figures and defined in the figure legends.

Results
=======

### Shikonin blocks THP-1-CM-induced migration and invasion of human lung adenocarcinoma cells

Shikonin has been reported as a potential antitumor agent. Its chemical structure is shown in [Fig. 1A](#f1-or-44-03-1049){ref-type="fig"}. CCK-8 assay was first used to assess the effects of shikonin on lung adenocarcinoma A549 and H1299 cell viability under normal culture conditions. As shown in [Fig. 1B](#f1-or-44-03-1049){ref-type="fig"}, the cytotoxic effects of shikonin on both cell lines were in a dose-dependent manner, where no obvious cytotoxicity was observed when its concentration was equal to or less than 1.25 µM. Following that, THP-1-CM was used to mimic the actual inflammatory microenvironment as described previously ([@b5-or-44-03-1049],[@b6-or-44-03-1049]). THP-1-CM alone or in combination with 0.25, 0.75 or 1.25 µM shikonin exerted no significant effect on the viability of A549 and H1299 cells ([Fig. 1C](#f1-or-44-03-1049){ref-type="fig"}). Wound healing and chamber invasion assays were used to assess the effects of shikonin on cell migration and invasion induced by THP-1-CM. As shown in [Fig. 1D](#f1-or-44-03-1049){ref-type="fig"}, upon exposure to THP-1-CM alone, elevated wound closure activity was observed in both cells lines with the scratch gap almost filled, whereas the gap still existed in both cell lines after co-treatment with THP-1-CM and shikonin (0.75 and 1.25 µM). Similarly, chamber invasion assays revealed that shikonin inhibited the invasion of A549 and H1299 cells after stimulation with THP-1-CM ([Fig. 1E](#f1-or-44-03-1049){ref-type="fig"}). These results indicate that shikonin can inhibit the migration and invasion activities of lung adenocarcinoma cells induced by THP-1-CM.

### Shikonin reverses the changes in the expression levels of EMT markers induced by THP-1-CM in human lung adenocarcinoma cells

Considering that EMT can be induced by various cytokines within an inflammatory microenvironment and its deregulation may lead to tumor metastasis, the markers associated with EMT were examined in order to explore the molecular mechanism underlying the inhibitory effects of shikonin on lung adenocarcinoma cell migration and invasion activities. As shown in [Fig. 2A and B](#f2-or-44-03-1049){ref-type="fig"}, the protein expression levels of mesenchymal markers (N-cadherin and vimentin) were found to be increased, while the level of the epithelial marker (E-cadherin) was markedly decreased in cells cultured with THP-1-CM alone; however, such changes in expression levels were reversed by shikonin treatment. The alterations in the mRNA expression levels of E-cadherin, N-cadherin and vimentin were consistent with their protein expression levels ([Fig. 2C](#f2-or-44-03-1049){ref-type="fig"}). These results suggest that shikonin can inhibit the migration and invasion activities of lung adenocarcinoma cells by reversing THP-1-CM-induced EMT.

### IL-6 and TNF-α in THP-1-CM trigger EMT in human lung adenocarcinoma cells

Based on previous findings that IL-6 and TNF-α can promote EMT and migration in tumor cells ([@b5-or-44-03-1049],[@b6-or-44-03-1049],[@b34-or-44-03-1049]), we investigated the roles of IL-6 and TNF-α in THP-1-CM-induced EMT and migration. As shown in [Fig. 3A](#f3-or-44-03-1049){ref-type="fig"}, the levels of IL-6 and TNF-α markedly increased in the supernatants from the LPS-challenged THP-1 cells, with their detectable levels significantly reduced upon the addition of the respective neutralizing antibodies. Moreover, the migration of A549 and H1299 cells induced by THP-1-CM was significantly attenuated by the neutralizing anti-IL-6 antibody ([Fig. 3B](#f3-or-44-03-1049){ref-type="fig"}). The changes in the protein and mRNA expression levels of EMT markers induced by THP-1-CM were also reversed upon the addition of the anti-IL-6 antibody ([Fig. 3C and D](#f3-or-44-03-1049){ref-type="fig"}). Similar phenomena were also observed after the addition of the anti-TNF-α antibody. These results indicate that IL-6 and TNF-α play important roles in the EMT of lung adenocarcinoma cells.

### Shikonin suppresses IL-6-induced migration and EMT in human lung adenocarcinoma cells

To gain further insights of the mechanisms underlying the inhibitory effects of shikonin on EMT induced by THP-1-CM, both cell lines were treated with IL-6 and TNF-α as described previously ([@b5-or-44-03-1049]). After cultured in IL-6-supplemented media (50 ng/ml), both cell lines displayed enhanced migration ability ([Fig. 4A](#f4-or-44-03-1049){ref-type="fig"}), which could be blocked by shikonin administration. Furthermore, the results of western blot analysis and real-time PCR assay revealed that shikonin restored the downregulation of E-cadherin, while attenuated the upregulation of N-cadherin, vimentin and Snail induced by IL-6 ([Fig. 4B and C](#f4-or-44-03-1049){ref-type="fig"}). However, shikonin did not significantly inhibit the migration and EMT of A549 and H1299 cells induced by 20 ng/ml TNF-α ([Fig. 4D and E](#f4-or-44-03-1049){ref-type="fig"}), suggesting that only IL-6 and its downstream effectors are responsible for the anti-metastatic effects of shikonin.

### Shikonin inhibits IL-6-induced STAT3 activation in human lung adenocarcinoma cells

STAT3 is a downstream factor of IL-6, which hyperactivates in the majority of human cancers and is closely associated with poor prognosis ([@b35-or-44-03-1049]). IL-6 can promote the EMT, migration and invasion activities of tumor cells in an inflammatory microenvironment via STAT3 activation and phosphorylation ([@b3-or-44-03-1049],[@b6-or-44-03-1049]). As a consequence, the effects of shikonin on IL-6-mediated STAT3 phosphorylation in A549 and H1299 cells were analyzed by western blotting. As shown in [Fig. 5A](#f5-or-44-03-1049){ref-type="fig"}, the addition of IL-6 markedly increased the level of p-STAT3 (Y705), while shikonin treatment significantly suppressed the overexpression of p-STAT3 induced by IL-6 in a dose-dependent manner without affecting the total STAT3 level. In addition, the results of immunofluorescence and luciferase reporter gene assays indicated that shikonin could prevent the nuclear translocation of p-STAT3 ([Fig. 5B](#f5-or-44-03-1049){ref-type="fig"}) and inhibit its transactivation activity in both cell lines ([Fig. 5C](#f5-or-44-03-1049){ref-type="fig"}). However, there were no significant inhibitory effects of shikonin on both p-JAK2 or JAK2 levels ([Fig. 5D](#f5-or-44-03-1049){ref-type="fig"}). To further verify whether shikonin can exert its inhibitory effects through the IL-6/STAT3 pathway, pcDNA3.1-Flag-STAT3 was used to overexpress STAT3 in A549 and H1299 cells. As shown in [Fig. 5E and F](#f5-or-44-03-1049){ref-type="fig"}, after STAT3 overexpression, the inhibitory effects of shikonin on STAT3 phosphorylation and EMT induced by IL-6 were alleviated. Therefore, these results indicate that shikonin can reverse IL-6-induced EMT by inhibiting the activation of STAT3 in human lung adenocarcinoma cells.

### Shikonin inhibits the metastasis of lung tumors in vivo

An artificial lung metastasis model was used to study the anti-metastatic effects of shikonin *in vivo* ([@b5-or-44-03-1049],[@b6-or-44-03-1049]). In the present study, shikonin treatment at 2.5 and 5 mg/kg significantly inhibited lung metastasis, as shown in the image of lung tissue and H&E staining assays ([Fig. 6A](#f6-or-44-03-1049){ref-type="fig"}). The number of lung metastatic nodules was 102±20 in the vehicle control group, while only 45±11 and 24±7 nodules were found in the groups treated with 2.5 and 5 mg/kg shikonin, respectively ([Fig. 6B](#f6-or-44-03-1049){ref-type="fig"}). These results suggest that shikonin can effectively suppress the metastasis of lung adenocarcinoma *in vivo*.

The effects of shikonin on the growth of lung tumors were studied using a nude mice xenograft model. As shown in [Fig. 6C and D](#f6-or-44-03-1049){ref-type="fig"}, the volumes and weights of tumor xenografts were significantly reduced in the shikonin treatment groups compared to the vehicle control group. Furthermore, through immunohistochemical staining, it was found that the expression levels of p-STAT3, N-cadherin and vimentin were decreased, while E-cadherin expression was increased in tumor xenografts treated with shikonin ([Fig. 6E](#f6-or-44-03-1049){ref-type="fig"}). Taken together, these data suggest that shikonin can prevent tumor metastasis and EMT by inhibiting STAT3 activation *in vivo*.

### IL-6 expression is upregulated in human lung adenocarcinoma tissues

As presented in [Table I](#tI-or-44-03-1049){ref-type="table"}, the expression level of IL-6 in tumor tissues was significantly associated with tumor-node-metastasis (TNM) stage and lymph node metastasis, but not with sex and age. Then, we further compared the expression levels of IL-6 levels in lung adenocarcinoma tissues and matched normal lung tissues. As shown in [Fig. 7A](#f7-or-44-03-1049){ref-type="fig"}, the positive staining of IL-6 was mainly observed in the cytoplasm of tumor cells and inflammatory cells (e.g. macrophages), and the levels of IL-6 were significantly elevated in lung adenocarcinoma tissues compared to these level in the normal lung tissues ([Fig. 7B](#f7-or-44-03-1049){ref-type="fig"}). Furthermore, the distribution of tumor-associated macrophages (TAMs) was assessed by the well-characterized marker CD68. Although there was no significant difference in CD68 levels between lung adenocarcinoma tissues and normal lung tissues (data not shown), the level of CD68 was significantly positively correlated with IL-6 expression in lung adenocarcinoma tissues (R=0.399, P\<0.05; [Fig. 7C and D](#f7-or-44-03-1049){ref-type="fig"}).

Discussion
==========

As a physiological process mediated by the innate immune system, inflammation can protect the body against pathogenic infections, environmental insults and injuries. However, recent studies have demonstrated that inflammation and tumors are closely associated ([@b36-or-44-03-1049]). It has been shown that the inflammatory microenvironment, which is an essential component of the tumor microenvironment, plays a key role during tumor promotion and metastasis ([@b37-or-44-03-1049]). Inflammatory cells, such as tumor-associated macrophages (TAMs), can induce tumor angiogenesis, extracellular matrix breakdown and tissue remodeling, thus aggravating tumor metastasis ([@b38-or-44-03-1049]). In addition, epithelial-mesenchymal transition (EMT) induction in the inflammatory microenvironment can promote the metastatic ability of tumor cells ([@b39-or-44-03-1049]). EMT in tumor cells is a process of the loss of cell-cell adhesion ability as well as acquiring migratory and invasive properties. During this process, the levels of epithelial markers, such as E-cadherin, are decreased, while those of mesenchymal markers, such as N-cadherin and vimentin, are increased ([@b40-or-44-03-1049]). In the present study, we used LPS-stimulated THP-1-CM to mimic the inflammatory microenvironment *in vitro* according to previously reported methods ([@b6-or-44-03-1049],[@b41-or-44-03-1049],[@b42-or-44-03-1049]). It was found that shikonin could reverse EMT and inhibit the migration and invasion of human lung adenocarcinoma cells within the *in vitro* inflammatory microenvironment. Although our experiments could not completely mimic the event of tumors cells being persistently exposed to the inflammatory microenvironment *in vivo*, our results at least indicated that shikonin could inhibit EMT in lung adenocarcinoma cells exposed to soluble inflammatory factors secreted by LPS-stimulated THP-1 cells. Altogether, these findings suggest that shikonin possesses a potent anti-metastatic effect within an inflammatory microenvironment.

Inflammatory cell infiltrates can secrete various inflammatory cytokines into tumor cells to activate the major inflammatory signaling pathways and facilitate tumor progression and metastasis ([@b43-or-44-03-1049],[@b44-or-44-03-1049]). IL-6, an important inflammatory cytokine that regulates systemic and regional inflammation, can promote the pathogenesis of tumors by enhancing tumor metastasis, recruiting leukocytes and promoting angiogenesis ([@b35-or-44-03-1049]). In the present study, the addition of the anti-IL-6 antibody into THP-1-CM was able to inhibit the migration and EMT of lung adenocarcinoma cells, suggesting that IL-6 directly promotes EMT in an inflammatory microenvironment. In addition, shikonin markedly reversed EMT and inhibited IL-6-induced migration of lung adenocarcinoma cells. These findings suggest that shikonin can exert anti-metastatic effects in an inflammatory microenvironment via the IL-6-mediated signaling pathway.

As the downstream factor of IL-6, STAT3 is hyperactivated in various human cancers, displays tumor-promoting properties, and is associated with poor clinical prognosis ([@b35-or-44-03-1049]). Experimental studies have found that activated STAT3 can regulate the expression levels of EMT markers through Snail and Slug transcription factors, thus aggravating EMT and tumor metastasis ([@b17-or-44-03-1049],[@b45-or-44-03-1049]). In the IL-6/STAT3 signaling pathway, the binding of cytokine IL-6 to the IL-6R complex, which consists of IL-6R and gp130, can activate the JAK2 pathway. The activation of JAK2 can phosphorylate STAT3 at Y705. p-STAT3 monomers can form dimers and subsequently translocate into the nucleus to initiate the transcription of its target genes ([@b6-or-44-03-1049]). In this study, we found that shikonin could inhibit IL-6-induced phosphorylation of STAT3, prevent p-STAT3 from translocating into the nucleus, and suppress the transactivation activity of p-STAT3. Furthermore, the overexpression of STAT3 attenuated shikonin-inhibited STAT3 phosphorylation and EMT in lung adenocarcinoma cells upon exposure to IL-6. These findings revealed that shikonin can inhibit IL-6-induced EMT by inhibiting the activation of STAT3 in lung adenocarcinoma cells. However, shikonin did not inhibit IL-6-induced phosphorylation of JAK2 under our experimental conditions. Based on previous studies, we speculate that shikonin may inhibit JAK2-mediated activation of STAT3 by binding directly to the STAT3 SH2 domain ([@b46-or-44-03-1049],[@b47-or-44-03-1049]). However, more studies are needed to identify the exact mechanism of action.

Moreover, artificial lung metastasis and xenograft models were used to determine the effects of shikonin on human lung adenocarcinoma metastasis and growth *in vivo*. It was found that shikonin treatment markedly suppressed the metastasis and growth of lung adenocarcinoma. In addition, it was also noted that shikonin inhibited STAT3 activation and EMT in a lung adenocarcinoma xenograft. Furthermore, the results of tissue microarrays indicated that the expression level of IL-6 was higher in human lung adenocarcinoma tissues than that noted in normal lung tissues. More importantly, the expression levels of IL-6 in human lung adenocarcinoma tissues were significantly associated with TNM stage and lymph node metastasis. Taken together, our results demonstrate that shikonin has great potential for the suppression of lung adenocarcinoma metastasis by inhibiting STAT3 activation *in vivo*.

Notably, we speculate that other cytokines such as IL-1β or IL-8 may also be expressed in THP-1-CM ([@b48-or-44-03-1049],[@b49-or-44-03-1049]). Actually, according to the general principle, most cytokines that can be secreted by THP-1 cells after LPS stimulation should be expressed in THP-1-CM. Whether shikonin has effects on the other cytokines and their downstream pathways still requires further investigations.

In conclusion, this study reports, for the first time, that shikonin suppresses the EMT, migration and invasion activities of human lung adenocarcinoma cells within the inflammatory microenvironments involving the IL-6/STAT3 signaling pathway. These findings provide additional insights into the antitumor activities of shikonin, which may have valuable implications for treating inflammation-related tumor metastasis.
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![Inhibitory effects of shikonin on THP-1-CM-induced migration and invasion of A549 and H1299 cells. (A) Chemical structure of shikonin. (B) Effect of shikonin on the viability of lung adenocarcinoma cells. A549 and H1299 cells were treated with serial doses of shikonin in normal medium for 24 h, and the viability of cells was detected by CCK-8 assay. (C) A549 and H1299 cells were incubated with THP-1-CM and/or shikonin for 24 h, and the viability of cells was examined by CCK-8 assay. (D) Wound healing assays. A549 and H1299 cells were scratched and incubated with THP-1-CM and/or shikonin, and images were captured at 0 and 24 h after wounding. (E) Invasion assays were performed by Transwells covered with Matrigel. After treatment with THP-1-CM and/or shikonin for 24 h, the cell suspensions were subjected to Transwell assays. Images (magnification ×200) are representative of three independent experiments. Data are shown as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01, compared with the THP-1-CM-treated group. THP-1-CM, THP-1 cell conditioned medium.](OR-44-03-1049-g00){#f1-or-44-03-1049}

###### 

Shikonin suppresses THP-1-CM-induced epithelial-mesenchymal transition (EMT) in A549 and H1299 cells. (A) Immunofluorescence was used to visualize the protein expression levels of E-cadherin, N-cadherin and vimentin after treatment with THP-1-CM and/or shikonin for 24 h. Left, representative immunofluorescence images of E-cadherin, N-cadherin and vimentin (magnification ×800). Right, quantitative image analysis of the signal intensity of E-cadherin, N-cadherin and vimentin. (B) Western blot assays were used to detect the protein expression levels of E-cadherin, N-cadherin and vimentin after treatment with THP-1-CM and/or shikonin for 24 h. (C) Real-time PCR was used to detect the mRNA levels of E-cadherin, N-cadherin and vimentin after treatment with THP-1-CM and/or shikonin for 24 h. β-actin was used as an internal control. Data are shown as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01, compared with the THP-1-CM-treated group. THP-1-CM, THP-1 cell conditioned medium.

![](OR-44-03-1049-g01)
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###### 

Effect of IL-6 and TNF-α on the migration and epithelial-mesenchymal transition (EMT) of A549 and H1299 cells. (A) IL-6 and TNF-α secreted into the culture supernatants were measured using ELISA kits after treatment with LPS and anti-IL-6 or anti-TNF-α antibodies for 24 h in THP-1-CM. \*\*P\<0.01, compared with the corresponding LPS-treated alone group. (B) Effects of 24-h neutralization with anti-IL-6 or anti-TNF-α antibody on the migration of A549 and H1299 cells, as determined by the Transwell chamber migration assay. (C) The protein levels of E-cadherin, N-cadherin and vimentin were detected by western blotting with specific antibodies. Protein expression levels were semi-quantified by densitometry analysis. (D) The relative mRNA levels of E-cadherin, N-cadherin and vimentin were detected by real-time PCR. β-actin was used as an internal control. Data are shown as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01, compared with the THP-1-CM-treated group. THP-1-CM, THP-1 cell conditioned medium; LPS, lipopolysaccharide; IL-6, interleukin-6; TNF-α, tumor necrosis factor-α.
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###### 

Effects of shikonin on the migration and epithelial-mesenchymal transition (EMT) of A549 and H1299 cells induced by IL-6 and TNF-α. (A) Transwell chamber migration assay. After treatment with shikonin and IL-6 (50 ng/ml) or TNF-α (20 ng/ml) for 24 h, A549 and H1299 cell suspensions were subjected to a Transwell chamber migration assay. (B) Western blot and (C) real-time PCR assays were used to detect the protein and mRNA levels of E-cadherin, N-cadherin, vimentin and Snail in A549 and H1299 cells after treatment with shikonin and IL-6 (50 ng/ml) for 24 h. (D) Western blot and (E) real-time PCR assays were used to detect the protein and mRNA levels of E-cadherin, N-cadherin, vimentin and Snail in A549 and H1299 cells after treatment with shikonin and TNF-α (20 ng/ml) for 24 h. β-actin was used as an internal control. Data are shown as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01, compared with the IL-6- or TNF-α-treated group. IL-6, interleukin-6; TNF-α, tumor necrosis factor α.
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###### 

Effects of shikonin on IL-6-induced STAT3 activation in A549 and H1299 cells. (A) Expression levels of phosphorylated (p)-STAT3 and STAT3 were detected by western blotting after treatment with shikonin and IL-6 (50 ng/ml) for 24 h. Protein expression levels were semi-quantified by densitometric analysis. \*P\<0.05, \*\*P\<0.01, compared with the IL-6-treated group. (B) Immunofluorescence assays were performed to determine the effects of shikonin on the nuclear translocation of p-STAT3 after treatment with shikonin (1.25 µM) and IL-6 (50 ng/ml) for 24 h. Upper panels, representative immunofluorescence images of p-STAT3 staining (magnification ×800). Lower panel, the percentage of cells with p-STAT3 nuclear translocation. \*\*P\<0.01, compared with the IL-6-treated group. (C) Transactivation activities of p-STAT3 in A549 and H1299 cells co-transfected with pSTAT3-TA-luc and pRL-TK Renilla, and treated with shikonin and IL-6 (50 ng/ml) for 24 h. Luciferase activity was detected by the Dual Luciferase Reporter kit and normalized against the values for the corresponding pRL-TK Renilla activity. \*P\<0.05, \*\*P\<0.01, compared with the IL-6-treated group. (D) The protein expression levels of p-JAK2 and JAK2 were detected by western blotting after treatment with shikonin and IL-6 (50 ng/ml) for 24 h. β-actin was used as an internal control. Protein expression levels were semi-quantified by densitometry analysis. (E and F) After transfection with STAT3 plasmids for 24 h, the cells were treated with shikonin (1.25 µM) and IL-6 (50 ng/ml) for another 24 h. (E) Expression levels of p-STAT3, Flag-STAT3, and STAT3 proteins were detected by western blotting. (F) mRNA expression levels of epithelial-mesenchymal transition (EMT)-related genes (E-cadherin, N-cadherin, vimentin and Snail) were detected by real-time PCR. Data are shown as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01, compared with the IL-6-treated group; ^\#^P\<0.05, ^\#\#^P\<0.01, compared with the combined shikonin (1.25 µM) and IL-6 (50 ng/ml) treatment group. IL-6, interleukin-6; STAT3, signal transducer and activator of transcription 3; JAK, Janus kinase.
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![Effects of shikonin on tumor metastasis and growth *in vivo*. (A) Representative images of lung tissue and hematoxylin and eosin (H&E)-stained metastatic lung nodules. (B) Quantification of the number of metastatic nodules on lung surface. (C) Tumor volume and (D) weight of the control and shikonin treatment groups. (E) Representative immunohistochemistry images of p-STAT3, E-cadherin, N-cadherin and vimentin expression in the tumor tissues derived from the A549 ×enografts. Data are presented as mean ± SD, \*P\<0.05, \*\*P\<0.01, compared with the control group. p-STAT3, phosphorylated signal transducer and activator of transcription 3.](OR-44-03-1049-g12){#f6-or-44-03-1049}

![IL-6 levels are higher in human lung adenocarcinoma tissues and corresponding TAM infiltration. (A) Representative immunohistochemistry images of IL-6 in lung adenocarcinoma tissues and matched normal lung tissues (magnification ×200). (B) Statistical analysis of the immunohistochemistry scores for the expression of IL-6 in 30 pairs of lung adenocarcinoma tissues and matched normal lung tissues, \*\*P\<0.01, compared with the matched normal lung tissue group. (C) Representative immunohistochemistry images with high and low levels of IL-6 and CD68 (magnification ×200). (D) Scatter chart showing a positive correlation between the expression levels of IL-6 and CD68 in 30 pairs of lung adenocarcinoma tissues. IL-6, interleukin-6; TAM, tumor-associated macrophage.](OR-44-03-1049-g13){#f7-or-44-03-1049}

###### 

Association between IL-6 expression and clinicopathological features of the patients with lung adenocarcinoma (N=128).

                          IL-6 expression        
  ----------------------- ----------------- ---- ------------------------------------------------------
  Sex                                            0.214
    Male                  24                52   
    Female                22                30   
  Age, years                                     0.691
    \<60                  23                44   
    ≥60                   23                38   
  TNM stage                                      0.007^[d](#tfn4-or-44-03-1049){ref-type="table-fn"}^
    I                     19                17   
    II                    14                19   
    III                   13                46   
  Lymph node metastasis                          0.013^[c](#tfn3-or-44-03-1049){ref-type="table-fn"}^
    N~0~                  23                23   
    N~1~/N~2~/N~3~        23                59   

Samples with scores of 0-3 were classified as having low IL-6 expression.

Samples with scores of 4-8 were classified as having high IL-6 expression.

P\<0.05

P\<0.01 represent a significant difference. IL-6, interleukin 6.

[^1]: Contributed equally
